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Nitrogen (N) and phosphorus (P) availability both control microbial decomposers
and litter decomposition. However, these two key nutrients show distinct release
patterns from decomposing litter and are unlikely available at the same time in most
ecosystems. Little is known about how temporal differences in N and P availability
affect decomposers and litter decomposition, which may be particularly critical for
tropical rainforests growing on old and nutrient-impoverished soils. Here we used three
chemically contrasted leaf litter substrates and cellulose paper as a widely accessible
substrate containing no nutrients to test the effects of temporal differences in N and P
availability in a microcosm experiment under fully controlled conditions. We measured
substrate mass loss, microbial activity (by substrate induced respiration, SIR) as well as
microbial community structure (using phospholipid fatty acids, PLFAs) in the litter and
the underlying soil throughout the initial stages of decomposition. We generally found
a stronger stimulation of substrate mass loss and microbial respiration, especially for
cellulose, with simultaneous NP addition compared to a temporally separated N and P
addition. However, litter types with a relatively high N to P availability responded more
to initial P than N addition and vice versa. A third litter species showed no response
to fertilization regardless of the sequence of addition, likely due to strong C limitation.
Microbial community structure in the litter was strongly influenced by the fertilization
sequence. In particular, the fungi to bacteria ratio increased following N addition alone,
a shift that was reversed with complementary P addition. Opposite to the litter layer
microorganisms, the soil microbial community structure was more strongly influenced
by the identity of the decomposing substrate than by fertilization treatments, reinforcing
the idea that C availability can strongly constrain decomposer communities. Collectively,
our data support the idea that temporal differences in N and P availability are critical for
the activity and the structure of microbial decomposer communities. The interplay of N,
P, and substrate-specific C availability will strongly determine how nutrient pulses in the
environment will affect microbial heterotrophs and the processes they drive.
Keywords: decomposition, microbial limitations, multiple element limitation, nutritional constraints, nutrient
availability, successive fertilization, temporal variability
Frontiers in Microbiology | www.frontiersin.org 1 January 2016 | Volume 6 | Article 1507
Fanin et al. Temporal Variability of Nutrient Availability
INTRODUCTION
Nutrient availability often exerts strong limitations on ecological
processes in diﬀerent ecosystem types and across distinct biomes
(Vitousek and Howarth, 1991; Elser et al., 2007). Nitrogen (N)
and phosphorus (P) play a particularly important role because of
their high requirements for building living biomass, and because
they determine growth processes and biological activity to a
large degree (Sterner and Elser, 2002; Hartman and Richardson,
2013). An important source of N and P, especially for P with
ongoing ecosystem and soil development (Walker and Syers,
1976), is dead organic matter of mostly plant origin. Due to
the large variability in leaf C: N: P stoichiometry from high to
low latitudes (McGroddy et al., 2004), and among phylogenetic
groups, life forms or plant species (Hättenschwiler et al., 2008;
Yuan and Chen, 2009), microbial decomposers are exposed to
substrates of a considerable range in C: N: P (Cleveland and
Liptzin, 2007). Recently, Fanin et al. (2013) proposed that C: N: P
of leaf litter leachates also control the stoichiometry and structure
of the microbial decomposer community. This ﬁnding highlights
the importance of considering the relevant substrate used by
microbial decomposers during the initial stage of decomposition,
with leachate C: N: P stoichiometry varying from 169:2:1 to
8280:96:1 among diﬀerent litter species in the studied tropical
rainforest of French Guiana (Fanin et al., 2014). Thus, besides the
commonlymeasured stoichiometry of bulk leaf litter material, the
variability of N and P in soluble compounds is likely critical for
assessing the eﬀects of any alterations in nutrient availability on
microbial communities.
Simultaneous additions of N and P in tropical forests were
shown to strongly stimulate litter mass loss and microbial
functioning during decomposition (Hobbie and Vitousek, 2000;
Reed et al., 2011; Barantal et al., 2012; Fanin et al., 2012).
These results support the increasing evidence that ecosystem
processes are often co-limited by N and P rather than by N
or P alone (Vitousek et al., 2010; Sundqvist et al., 2014). In
contrast to the simultaneous application of N and P during
fertilization experiments, these two nutrients are unlikely to
be available in balanced amounts at the same time in most
ecosystems due to their distinct quantities and chemical bonds
in dead organic matter and because of their diﬀerent pathways
during biogeochemical cycling. For example, in contrast to N
that forms relatively strong chemical bonds with C atoms, ester
bonds between P and C atoms are comparatively easier to
break, allowing microorganisms to mineralize P from organic
molecules with less energy than is required to mineralize
N (McGill and Cole, 1981). Thus, although P availability is
relatively in excess initially, it may become quickly limiting
during the decomposition process. Nutrient availability may also
vary throughout the year, with local leaf litter input changing
signiﬁcantly in N: P stoichiometry and in the amount of dissolved
organic C between seasons (Wood et al., 2005; Cleveland and
Townsend, 2006; Cleveland et al., 2006). Similarly, N or P
deposition originating from fossil fuel use, agricultural activity,
or from Saharan dust are projected to rise in tropical biomes
(Galloway et al., 1994; Okin et al., 2004), but these nutrient
inputs are likely to vary substantially over time. For example, P
deposition is strongly dependent on Saharan climate and global
circulation patterns and has been shown to vary by almost
twofold from 20 to 35 kg ha−1 year−1 (Okin et al., 2004). Despite
the large temporal variability in the relative availability of C and
nutrients over quite short time spans, its consequences for the
structure and function of soil microbial communities remain
poorly studied.
Because plant leaf litter represents the most important source
of C and nutrients for microbial decomposers, any modiﬁcation
of substrate stoichiometry and nutrient availability can inﬂuence
extracellular enzyme production (Allison and Vitousek, 2005;
Mooshammer et al., 2012; Sinsabaugh et al., 2015), and element-
use eﬃciency of decomposer communities (Manzoni et al., 2012;
Mooshammer et al., 2014a). Recently, empirical and theoretical
studies showed that shifts in the microbial community structure
and in the stoichiometry of the microbial biomass could be
one way microbes respond to stoichiometric imbalance with
their substrates (Fanin et al., 2013; Kaiser et al., 2014). Because
bacteria and fungi present diﬀerent stoichiometric requirements
and constraints (Keiblinger et al., 2010; Strickland and Rousk,
2010), any changes in N and P availability may strongly control
the relative proportion of these groups within the community
(Krashevska et al., 2010). For instance, Güsewell and Gessner
(2009) showed in a microcosm experiment that bacteria were
relatively more abundant when decomposition of cellulose was N
limited, whereas the relative abundance of fungi increased when
cellulose decomposition was P limited. However, whether the
timing of N and P availability is critical for the structure and
functioning of microbial communities have received only scant
attention.
Here we examined how microbial communities respond to
successive N and P additions, and whether these responses
diﬀer among leaf litter substrates with distinct leachate C: N:
P stoichiometry and cellulose as a nutrient free substrate. We
speciﬁcally addressed the following question: Do successive N
and P additions (ﬁrst N and then P, and vice-versa) have diﬀerent
eﬀects compared to simultaneous N and P additions? Although
we anticipated that a combined NP addition would stimulate
microbial activity more than a temporally separated N and
P addition, we hypothesized that this stimulation would be
dependent on the substrate quality. Speciﬁcally, we anticipated
that the eﬀects of sequential nutrient supply would depend on
the N: P ratio of the soluble fraction of the litter substrates: (i)
litter that is relatively rich in soluble N or P would respond
stronger when P or N is added ﬁrst, respectively, (ii) litter
that is relatively well balanced in soluble N and P would not
show a particular response to either N or P added ﬁrst, and
(iii) cellulose as a nutrient-free substrate would display the
strongest eﬀects when both nutrients are added simultaneously
(Hypothesis 1). Because these two nutrients show distinct release
patterns from decomposing litter, we hypothesized that the order
in the relative N- and P-availability would determine microbial
process rates, with: (i) P added ﬁrst and then N resulting in the
weakest eﬀect because P is relatively available early during the
decomposition process, (ii) N added ﬁrst and then P showing an
intermediate eﬀect as P is relatively more limiting later during
the decomposition process, and (iii) a simultaneous NP addition
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having the strongest eﬀects because of synergistic responses when
both elements are available in excess (Hypothesis 2). Finally, as
a result of diﬀerent nutrient requirements between fast-growing
bacteria and more slowly growing fungi (Güsewell and Gessner,
2009; Keiblinger et al., 2010), we hypothesized that the relative
abundance of these diﬀerent microbial groups would be altered
in a predictable way by N and P additions, with: (i) P added ﬁrst
and then N leading ﬁrst to an increased proportion of bacteria
that decreases again when N is added (ii) N added ﬁrst and
then P increasing the relative proportion of fungi in a ﬁrst time
which decreases again once P is added, (iii) simultaneous NP
addition stimulating both fungal and bacterial biomasses with
no net change in their relative abundance (Hypothesis 3). We
tested our hypotheses with a laboratory microcosm experiment
by measuring litter mass loss, microbial activity (substrate-
induced respiration, SIR), and microbial community structure
(phospholipid fatty acids, PLFAs) in the litter and the underlying
soil during the initial stage of decomposition.
MATERIALS AND METHODS
Soil and Litter Material
The soil used for our experiment was collected from the topsoil
(0–10 cm) in the Amazonian rainforest, at Paracou, French
Guiana (5◦15′N, 52◦53′W). It is classiﬁed as a nutrient-poor
acrisol developed over a Precambrian metamorphic formation
called the Bonidoro series with a mean pH of 4.4 in the top soil
and a soil texture with 20% clay, 6% silt and 74% sand, with a total
C of 22.1 g kg−1, a total N of 1.5 g kg−1 soil and a total P of 0.10 g
kg−1 soil (see Fanin et al., 2011 for more details). The soil was
dried at 25◦C, sieved at 2 mm, homogenized, and stored dry until
use.
Air-dried leaf litter of three diﬀerent tree species occurring
at our research site [Goupia glabra (Aublet), Simarouba amara
(Aublet) and Vochysia tomentosa (G. Mey.)] as well as cellulose
paper (ﬁlter paper qualitative 410, VWR, Fontenay-sous-Bois,
France) were used as substrates for decomposition. In addition to
leaf litter as a naturally occurring substrate for microbial growth,
we used cellulose as a widely accessible C source for a large part
of the heterotrophic microbial community that contains no other
elements than C, O and H. Cellulose served as an extreme end
point along the stoichiometric gradient covered by the three litter
species and also to add a single C compound compared to the
litter species composed of diverse and distinct C compounds
(Table 1). The three litter species were selected based on their
distinct C: N: P stoichiometry of the soluble fraction (Table 1)
that has previously been shown to have a major impact on litter
and soil microbial communities (Fanin et al., 2013, 2014). The
three species also showed contrasting responses to combined N
and P fertilization in a previous decomposition experiment in the
ﬁeld, with a very small eﬀect on V. tomentosa, an intermediate
eﬀect on S. amara, and a strong eﬀect on G. glabra (Fanin et al.,
2012).
Freshly fallen leaf litter was collected with 25 m × 25 m large
litter traps installed in mono-speciﬁc stands of an experimental
plantation adjacent to the Paracou natural forest station (Roy
et al., 2005), air-dried immediately upon collection, pooled across
sampling dates, and stored dry. Only intact leaveswithout signs of
herbivory, galls or fungal attack were kept (see Fanin et al., 2012
for further details on leaf litter collection).
Experimental Design
For testing the impact of the changing relative availability of N
and P through time on decomposition andmicrobial decomposer
communities, we deﬁned three diﬀerent fertilization treatments.
The ﬁrst treatment consisted in the combined addition of N
and P at the same time (denoted as ‘NP’ in the following). In
the second treatment we applied ﬁrst N and later P (denoted
as ‘Np’ in the following), and in the third treatment we applied
ﬁrst P and later N (denoted as ‘Pn’ in the following). A control
treatment without any fertilizer application was also included.
Nutrients were added either at the beginning of the experiment
(d0), and/or 36 days after the start of experiment (d36) depending
on the treatment. We added N as KNO3 and NH4NO3, and P
as KH2PO4 at the same total quantities of N and P as used in a
fertilization experiment in the ﬁeld at the research site in Paracou
(Barantal et al., 2012), i.e., 0.055 g KNO3 and 0.069 g NH4NO3
per microcosm, and 0.074 g KH2PO4 per microcosm. We used
KNO3 in addition to NH4NO3 to keep the added K constant
between the N and P treatments. The total amounts of added
N and P correspond to 130 kg N ha−1 y−1, and 69 kg ha−1
y−1, respectively, which is comparable to the quantities used in
other fertilization experiments in tropical forests (see Hobbie and
Vitousek, 2000; Cleveland et al., 2006; Kaspari et al., 2008).
The microcosms consisted of 30 cm wide × 15 cm
long × 10 cm tall plastic boxes that were covered with a plastic
cap. Each microcosm received 80 g of homogenized air dry soil
and 4 g (oven dried-corrected weight) of air dry leaf litter material
or cellulose paper that was placed on the top of the soil. Leaf
litter and cellulose paper were cut in 1 cm × 1 cm squares in
order to homogenize leaf margin: total surface area ratio across
all substrates. For each microcosm, we soaked the 4 g-substrate
aliquotes in 40 mL of distilled water (for the control treatment)
or in 40 mL of the corresponding fertilizer solution (for the NP,
Np, and Pn treatments) while shaking for 24 h in order to ensure
complete and homogeneous rewetting of the substrates before
their addition to the microcosms. Along with the substrates we
also added the soaking solution to each individual microcosm at
d0, which corresponded to the volume of water needed to reach
80% of water holding capacity of the soil in the microcosm. For
the second fertilization event at d36, 10 mL distilled water or
fertilizer solutions (four times more concentrated than at d0 in
order to add the same quantity of nutrients while keeping soil
humidity close to 80% of water holding capacity) were added to
all microcosms of the respective treatments. During the entire
experimental duration of 74 days, the microcosms were kept
at constant temperature of 30◦C and under water saturated
atmosphere, and microcosms were sprinkled to their original
weight with distilled water every 4 days in order to keep soil and
litter humidity close to constant.
We constructed a total of 12microcosms for each combination
of litter material (G. glabra, S. amara, V. tomentosa and cellulose
paper) and fertilization treatment (control, NP, Np, and Pn),
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resulting in a total of 192microcosms. Threemicrocosms for each
treatment combination were harvested after 18 (d18) and 36 (d36)
days, just before the second fertilization event, and after 54 (d54)
and 74 days of incubation (d74).
Response Variables
At each sampling date and for each microcosm, the remaining
litter material was carefully retrieved, cleaned from soil particles,
and weighed for fresh remaining mass. A litter subsample was
dried for 48 h at 65◦C for dry mass conversion and the calculation
of litter mass loss in each microcosm. Additional subsamples
of litter and of homogenized soil were immediately frozen after
pooling the three replicates of each treatment for further PLFA
analyses (n = 1 for each litter × treatment combination). The
remaining material was air-dried at 25◦C.
Substrate induced respiration (SIR), as an integrative indicator
of the overall microbial activity (Nannipieri et al., 2003), was
determined for soil and litter material as previously described
(Fanin et al., 2012). Brieﬂy, 10 g of air dry soil were placed in a
sealed 150 mL ﬂask and received a solution of glucose in order to
reach 80% of the soil water holding capacity and to add 1.5 mg C
g−1 of soil. For litter materials, 2 g of air dry litter was incubated
in the same way, but adding glucose solution to reach 20 mg C
g−1 of litter. The ﬂasks were incubated at 25◦C for 6 h, a time
span that is considered as short enough to avoid de novo enzyme
synthesis. Two hundred micro liter headspace air samples were
analyzed after 2 and 6 h for CO2 concentration using a gas
chromatograph with catharometric detection (Varian CP-4900,
Walnut Creek, CA, USA). The amount of CO2 released during
the 4 h time lapse was used to calculate SIR rate expressed in μg
C-CO2 g−1 soil or litter h−1.
Microbial community structure was determined by analyzing
group-speciﬁc PLFAs from a representative subsample of 1 and
10 g fresh weight frozen litter material and soil, respectively,
using the protocol described in Fanin et al. (2014). Branched and
saturated, mono-unsaturated and cyclopropyl PLFAs i15:0, a15:0,
i16:0, i17:0, a17:0 16:1ω7c, cy17:0, 18:1ω7c, cy19:0 were used to
characterize bacteria while the 18:1ω9, 18:2ω6,9 PLFAswere used
as biomarkers of fungi (e.g., Frostegård and Bååth, 1996; Zelles,
1999; Bååth, 2003).
Data Analysis
We analyzed litter mass loss, litter SIR, and soil SIR at the
diﬀerent sampling dates using repeated measures ANOVAs
in which litter material, fertilizer treatment, and sampling
date were treated as ﬁxed eﬀects and were permitted to
interact. Microcosm identity was included as a random
factor to account for the repeated sampling over time.
For each litter material, we also compared the diﬀerences
between treatments for each sampling date, followed by a
post hoc test of Tukey-HSD (α = 0.05). Using Bray–Curtis
dissimilarity matrices on the selected 23 PLFAs markers, we
used permutational multivariate ANOVAs (PERMANOVA)
to test the eﬀects of treatment, litter material and sampling
date on microbial community structure. Following repeated
measure ANOVA, we used the % sum of square as a comparative
TABLE 1 | Chemical characteristics of litter species (mean ± SD) used for the microcosm incubations.
Litter traits Cellulose Goupia glabra Simarouba amara Vochysia tomentosa
Bulk material
C (mg g−1) 445 497 ± 2 491 ± 1 429 ± 4
N (mg g−1) 0 12,1 ± 1,3 11,1 ± 0,7 8,7 ± 0,4
P (mg g−1) 0 0,33 ± 0,04 0,32 ± 0,02 0,29 ± 0,01
C: N ∞ 41,1 ± 4,1 44,2 ± 2,9 49,3 ± 2,9
C: P ∞ 1507 ± 168 1534 ± 111 1479 ± 87
N: P – 36,7 ± 1,5 34,7 ± 0,7 30 ± 2,9
C: N: P – 1507:37:1 1534:35:1 1479:30:1
Soluble fraction
solC (mg g−1) – 19,3 ± 2,5 10,7 ± 0,6 7,5 ± 0,3
solN (mg g−1) – 54,2 ± 3,5 125,0 ± 8,3 86,4 ± 3,9
solP (mg g−1) – 46,1 36,4 0,9
solC: N ∞ 355,5 ± 25,8 85,8 ± 5,3 86,3 ± 2,4
solC: P ∞ 419 ± 54 294 ± 15,9 8280 ± 297
solN: P – 1,2 ± 0,1 3,4 ± 0,2 96,0 ± 4,4
solC: N: P – 419:1:1 294:3:1 8280:96:1
Carbon forms
Water soluble compounds (%DM) – 36.6 ± 0.4 45.4 ± 0.4 34.6 ± 1.1
Hemicellulose (%DM) – 16.2 ± 0.7 11.7 ± 0.2 20.1 ± 1.1
Cellulose (%DM) 100 18.8 ± 0.3 20.0 ± 0.3 19.7 ± 0.4
Lignin (%DM) – 28.4 ± 0.8 22.8 ± 0.7 25.6 ± 0.4
Total phenolic (%DM) – 1.1 ± 0.2 4.4 ± 0.2 0.6 ± 0.1
Soluble phenolic (%DM) – 2.8 ± 0.3 11.0 ± 0.8 4.4 ± 0.4
Tannin (%DM) – 0.6 ± 0.1 6.3 ± 0.3 3.9 ± 0.3
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measure of % variation explained by the diﬀerent factors
(substrate identity, fertilization treatment, sampling date and
their interactions). We run non-metric multidimensional
scaling (NMDS) with vector ﬁtting, based on multiple
linear regressions using the coordinates on the ﬁrst two
principal axes as the explanatory variables, and the variable
of interest (e.g., relative abundance of microbial groups) as
the dependent variable. Finally, to visualize the eﬀect of N
and P availability on microbial community structure, we
compared the fungi to bacteria ratio (fungi:bacteria) across
all substrate types as a function of the diﬀerent fertilization
treatments at d36 and d74. Cellulose was excluded from
this analysis because of the large diﬀerences in microbial
community responses compared to the three other species. All
statistical tests were performed with the R software (version
2.11.1).
RESULTS
Fertilization and Substrate Identity
Effects on Litter Mass Loss
Sampling date (28.4% of the variation explained), fertilization
treatment (16.1%), and substrate identity (6.1%) all had
signiﬁcant eﬀects on substrate mass loss (Table 2A). The
interaction between substrate identity and fertilization treatment
also explained 11.3% of the observed variation in substrate
mass loss, i.e., a higher amount of variation than the substrate
identity alone. Of all substrates, cellulose showed the largest
variation in mass loss among the fertilization treatments, ranging
from 22.5% of initial mass lost on average in the control
treatment to 57.4% of initial mass lost in the NP treatment at
the ﬁnal harvest after 74 days of decomposition (Figure 1A).
The other two fertilization treatments where N and P were
added successively showed intermediate ﬁnal mass loss of 32.6%
for Pn and 40.6% for Np. Despite the marginally signiﬁcant
interaction between sampling date and fertilization treatment
(Table 2A), cellulose mass loss in response to N or P addition
(as the ﬁrst phase of the Np or Pn treatments, respectively)
did not diﬀer from the control treatment during the ﬁrst
36 days (Figure 1A). After the additional fertilization event
(i.e., when the second nutrient was added), cellulose mass loss
was faster in both treatments (Np and Pn) compared to the
control treatment, although still remaining lower as compared to
cellulose fertilized with both nutrients simultaneously. Opposite
to cellulose, V. tomentosa leaf litter was not aﬀected by any of
the fertilization treatments (Figure 1D). G. glabra and S. amara
leaf litters showed intermediate responses to the fertilization
treatments compared to cellulose and V. tomentosa leaf litter.
After 74 days, mass loss in the NP treatment was 13.7 and 19.4%
higher than in the control for G. glabra and S. amara, respectively
(Figures 1B,C). Adding P ﬁrst clearly enhanced decomposition
of S. amara but not that of G. glabra during the ﬁrst part of
the experiment. In both, Np and Pn treatments, the addition of
the second nutrient at d36 inﬂuenced further decomposition only
little, and the diﬀerences to mass loss in the control treatment got
overall rather smaller with ongoing experimental duration.
Fertilization and Substrate Identity
Effects on SIR
Substrate induced respiration in decomposing material varied
between 1.8 and 258.6 μg C-CO2 g−1 across all substrates and all
sampling dates (Figure 2). In contrast to litter mass loss, litter SIR
was primarily inﬂuenced by substrate identity and its interaction
with sampling date, explaining 31.8 and 10.8% of the overall
variation, respectively (Table 2B). A signiﬁcant, though lower
amount of variation in litter SIR was explained by fertilization
treatment (10.6%) and its interaction with sampling date (8.5%).
Prior to the second fertilization event, SIR rates were highest in
cellulose in the NP treatment (49.2 μg C-CO2 g−1 at d36), while
SIR rates following the supply of N or P alone did not diﬀer from
the control treatment between 0 and 36 days (Figure 2A). When
the second nutrient was added, SIR increased to 94.0 and 66.8 μg
C-CO2 g−1 at d54 in the Pn and Np treatments, respectively,
reaching values similar to those when cellulose was fertilized with
N and P at the same time (NP treatment). Without any nutrient
addition (control treatment), SIR rates on cellulose were null at
all of the sampling dates. Similar to cellulose, G. glabra showed a
substantial stimulation of litter SIR following the ﬁrst fertilization
event when N and P were added together, reaching 223.9 μg
C-CO2 g−1 at d36 on average (Figure 2B). After the second
fertilization, SIR rates of G. glabra in Pn and Np treatments were
higher than in the control and did not diﬀer to those observed
in NP. But on d74 the stimulation of SIR was highest in NP and
intermediate in Np and Pn as compared to the control. Similar to
cellulose and G. glabra, SIR rates of V. tomentosa and S. amara
leaf litter were also higher at d36 with a combined NP fertilization
than with N supplied alone, and also with higher SIR rate when P
was added compared to N (Figures 2C,D). Following the second
fertilization, and as observed for cellulose and G. glabra, SIR rates
at d54 increased following P supply in the Np treatments for both
litter species, and with N supply in the Pn treatment on S. amara,
and reached similar values to those observed when both resources
were added simultaneously (NP treatment). But at the ﬁnal d74
sampling, the stimulation of SIR rates of V. tomentosa following
Np did not persist.
Substrate induced respiration measured in the soil underneath
the decomposing substrates was generally distinctively lower than
that measured in decomposing material, varying between 0.70
and 6.59 μg C-CO2 g−1 soil (Figure 3). The hierarchy of factors
explaining soil SIR over the incubation period were similar to
those observed for litter SIR, with a large part of the variation
explained by substrate identity (31.3%), fertilization treatment
(11.3%) and sampling date (5.6%) as well as interactions between
factors (Table 2C). Overall, NP addition and P only addition
treatments showed higher soil SIR rates at d36 compared to N
only addition or control treatment, except for cellulose where NP
did not diﬀer from the control (Figure 3A). The addition of N
in the Pn treatment did not show any inﬂuence on the soil SIR
rates under V. tomentosa, G. glabra and cellulose, and even a
trend for a negative eﬀect under S. amara (Figure 3C). Opposite
to this pattern, the addition of P in the Np treatment stimulated
soil SIR rates, especially under G. glabra with an increase from
2.40 to 5.28 μg C-CO2 g−1 between d36 and d54 (Figure 3B).
Diﬀerences between treatments were, however, smaller at the end
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TABLE 2 | Repeated measures ANOVA evaluating the role of substrate identity, treatment and sampling dates: (A) Litter mass loss, (B) SIR Litter, (C) SIR
Soil.
df %SS SS MS F.model p-value
(A) Litter mass loss
Substrate identity 3 6.1 1627 542.3 7.6 <0.0001
Fertilization treatment 3 16.1 4324 1441.4 20.2 <0.0001
Sampling date 3 28.4 7625 2541.6 35.6 <0.0001
Substrate identity × Fertilization treatment 9 11.3 3038 337.6 4.7 <0.0001
Fertilization treatment × Sampling date 9 4.3 1146 127.3 1.8 0.078
Substrate identity × Sampling date 9 1.5 405 44.9 0.6 0.77
Residuals 122 32.4 8710 71.4
(B) SIR Litter
Substrate identity 3 31.8 9.5 3.2 56.9 <0.0001
Fertilization treatment 3 10.6 3.2 1.1 18.9 <0.0001
Sampling date 3 5.9 1.8 0.6 10.5 < 0.0001
Substrate identity × Fertilization treatment 9 5.2 1.6 0.2 3.1 0.002
Fertilization treatment × Sampling date 9 8.5 2.5 0.3 5.1 < 0.0001
Substrate identity × Sampling date 9 10.8 3.2 0.4 6.5 < 0.0001
Residuals 146 27.2 8.1 0.1
(C) SIR Litter
Substrate identity 3 31.3 107.8 35.9 59.4 <0.0001
Fertilization treatment 3 11.3 39.0 13.0 21.5 <0.0001
Sampling date 3 5.6 19.3 6.4 10.6 <0.0001
Substrate identity × Fertilization treatment 9 7.6 26.4 2.9 4.8 <0.0001
Fertilization treatment × Sampling date 9 7.6 26.2 2.9 4.8 <0.0001
Substrate identity × Sampling date 9 11.0 37.9 4.2 7.0 <0.0001
Residuals 146 25.6 88.4 0.6
Repeated measures ANOVAs were performed to examine the relative influence of litter material, fertilization treatment, and time, as well as interactions between the three
explanatory variables in accounting for the variation in microbial activity over the course of the incubation experiment.
of the incubation, except for V. tomentosa with a higher soil SIR
rate of 5.19 in NP compared to 2.05 in the control (Figure 3D).
Fertilization and Substrate Identity
Effects on the Microbial Community
Structure
The structure of the microbial community (i.e., relative
abundance of the 23 group-speciﬁc PLFA markers) diﬀered
strongly among the decomposing substrates, with contrasted
NMDS plots mostly driven by cellulose that showed a
distinct PLFA pattern compared to leaf litter along the
second NMDS axis (Figure 4A). Such diﬀerences in microbial
community structure between leaf litter and cellulose were
clearly related to lower fungal lipid markers in leaf litter
than in cellulose that translated into lower litter fungi:bacteria
(see Supplementary Table S1 for more details). PERMANOVA
to test for the eﬀects of the diﬀerent treatments on PLFA
markers revealed that substrate identity accounted for 42.1%
of the overall variation of the microbial community structure,
which is roughly as much as that accounted for by all the
remaining factors and interactions (Table 3A). To a lower
extent, the structure of the microbial community in the
decomposing substrates also diﬀered across the fertilization
treatments and their interactions with sampling date and
substrate identity (6.4, 20.1, and 13.8% of explained variation,
respectively). When omitting the cellulose substrate from
the comparison, the eﬀects of fertilization treatments were
particularly apparent on the leaf litter fungi:bacteria (Figure 4B).
The addition of N only strongly decreased the relative
proportion of bacterial lipid markers by 49% whereas the
addition of P only increased it by 57% on average. Such
change resulted in contrasting fungi:bacteria of 7.1 (with N
only) or 1.7 (with P only), respectively, compared to 2.8 in
the control treatment. After complementary P addition in
the Np treatment or N addition in the Pn treatment, the
fungi:bacteria shifted to almost similar values. No signiﬁcant
diﬀerence was observed among the fertilization treatments at
d74.
Microbial community structure in the soil was aﬀected by
diﬀerent factors compared to that in decomposing substrates
(Table 3B). Neither substrate identity nor fertilization treatment
and their interactions explained the PLFA-based microbial
community structure in the soil. In contrast, sampling date and
its interaction with fertilization treatment accounted for 18.7 and
10.7% of the total variation observed in soil microbial community
structure, respectively. We did not ﬁnd any clear eﬀect of the
substrate identity on the soil community structure in the NMDS
plot (Figure 5A). By contrast to the litter microbial community
and even after omitting the cellulose substrate, we did not ﬁnd
any clear eﬀects of fertilization or sampling date on the PLFA-
based soil microbial community structure (Figure 5B).
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FIGURE 1 | Mass loss of the four different substrates (mean ± SD) as a function of sampling date. (A) cellulose, (B) Goupia glabra, (C) Simarouba amara,
(D) Vochysia tomentosa. Fertilization treatments are shown with distinct symbols and curves (control: open triangle, dotted line; NP: black circles, solid line; Np: light
gray square, solid line; Pn: dark gray diamond, solid line). Microcosms received the first dose of fertilizer (N, P, or NP) at d0, and the second dose of fertilizers (i.e., P,
N, or NP respectively) just after d36 sampling. Stars indicate significant differences in the mass loss for each date considered separately, followed by a post hoc
Tukey-HSD test (α = 0.05), with different letters indicating contrasted effects among the different fertilization treatments.
DISCUSSION
In line with the increasing number of studies demonstrating
that the combined NP additions increase ecosystem processes
more than P or N added singly (e.g., Vitousek et al., 2010), we
found an overall stronger stimulation of substrate mass loss and
litter microbial activity with a simultaneous NP supply compared
to a temporally separated N and P addition. The fact that N
and P together constrain the activity of microbial communities
was particularly clear for litter SIR rates that on average varied
sevenfold between the control and theNP treatments throughout
the incubation period (Figure 2). These results are in line with
previous studies showing that the decomposition of labile C
substrates (Nottingham et al., 2012, 2015) or more complex
leaf litter (Hobbie and Vitousek, 2000; Barantal et al., 2012;
Fanin et al., 2012) were predominantly limited by concomitant
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FIGURE 2 | Litter SIR rates of the four different substrates (mean ± SD) as a function of sampling date. (A) cellulose, (B) Goupia glabra, (C) Simarouba
amara, (D) Vochysia tomentosa. Fertilization treatments are shown with distinct symbols and curves (control: open triangle, dotted line; NP: black circles, solid line;
Np: light gray square, solid line; Pn: dark gray diamond, solid line). Stars indicate significant differences in the mass loss for each date considered separately,
followed by a post hoc Tukey-HSD test (α = 0.05), with different letters indicating contrasted effects among the different fertilization treatments.
NP additions. Because the stoichiometry of N and P supply
and demand is generally in close balance in most terrestrial
ecosystems (Vitousek et al., 2010), N is rarely available in great
excess relative to P, and a slight addition of P can rapidly generate
a N limitation or vice-versa: N and P limitation may thus alternate
in multiple incremental steps, ultimately producing a synergistic
eﬀect when both nutrients are added together (Davidson and
Howarth, 2007). In contrast to the ‘Liebig world’ view, which
states that the nutrient in the shortest supply will be limiting,
we demonstrate here that both elements can constrain litter
decomposition and are required by microbial communities for
maintaining their activity.
Beyond evaluating the eﬀects of simultaneous NP additions,
we addressed how the temporal variability in N and P availability
aﬀects litter decomposition and the activity of decomposer
organisms. As expected following our ﬁrst hypothesis, the
responses of microbial parameters to a temporally separated N
and P addition varied strongly among litter substrates (Table 2).
We found that P supply showed a higher eﬀect on SIR rates
for the litter species with the highest soluble N content (i.e.,
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FIGURE 3 | Soil SIR rates of the four different substrates (mean ± SD) as a function of sampling date. (A) cellulose, (B) Goupia glabra, (C) Simarouba
amara, (D) Vochysia tomentosa. Fertilization treatments are shown with distinct symbols and curves (control: open triangle, dotted line; NP: black circles, solid line;
Np: light gray square, solid line; Pn: dark gray diamond, solid line). Stars indicate significant differences in the mass loss for each date considered separately,
followed by a post hoc Tukey-HSD test (α = 0.05), with different letters indicating contrasted effects among the different fertilization treatments.
S. amara and V. tomentosa), whereas the respective eﬀects of N
or P additions were similar when these two elements are relatively
well balanced in litter leachates (i.e., G. glabra), or when they are
completely absent (i.e., cellulose) (Figure 2). These results suggest
that the relative imbalance between N and P in litter leachates
can predict relatively well which of these two elements will be
limiting during the initial phase of decomposition and may thus
be used as a general indicator of nutritional constraints regulating
the microbial activity. In other words, because the timing of
nutrient availability in a given ecosystem can vary, depending for
example on seasonal diﬀerences such as dry versus wet season in
tropical forests (e.g., Turner et al., 2015), considering N and P
in the soluble fraction of plant leaf litter may contribute to the
understanding of temporal variability in soil processes.
Interestingly, after adding the second nutrient in the middle
of the course of the experiment (i.e., N to the Pn treatment,
and P to the Np treatment), SIR generally increased to similar
rates as those observed in the NP treatment (Figure 2). In
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FIGURE 4 | Microbial community structure in leaf litter and cellulose: (A) NMDS ordination of microbial community composition by substrate identity,
(B) fungi:bacteria ratio across all substrate types (except cellulose) as a function of the different fertilization treatments at d36 and d74. NMDS was
based on Bray–Curtis distances of 23 PLFA markers. With increasing distance between two points the community structure becomes more dissimilar. Vectors
represent the proportion of the main microbial groups (bacteria, fungi) and their ratio (fungi:bacteria), pointing in the direction of higher abundances or a higher
fungi:bacteria ratio.
contrast to our second hypothesis, the similar responses of
microbial processes regardless of whether N or P was added
ﬁrst suggest that the order in relative N- and P-availability
does not determine ﬁnal microbial process rates, and conﬁrms
that litter decomposition and microbial activity are limited
by multiple elements in interaction (Townsend et al., 2011;
Fanin et al., 2015). In parallel, we observed a lower relative
abundance of bacteria compared to fungi in response to N
fertilization, in line with our expectation of enhanced fungal
biomass following N additions (Koranda et al., 2014). Such a
shift in the fungi to bacteria ratio was reversed following further
addition of P later in the Np treatment (Figure 4), suggesting
TABLE 3 | Permutational multivariate ANOVA evaluating the role of substrate identity, fertilization treatment and sampling dates on microbial community
structure in (A) litter, and (B) soil.
df SS MS F.model p-value r2
(A) Litter community structure
Substrate identity 3 0.84 0.28 13.0 0.001 0.421
Fertilization treatment 3 0.13 0.04 2.0 0.002 0.064
Sampling date 1 0.08 0.08 3.9 0.035 0.042
Substrate identity × Fertilization treatment 9 0.27 0.03 1.4 0.002 0.138
Fertilization treatment × Sampling date 3 0.07 0.02 1.1 0.001 0.201
Substrate identity × Sampling date 3 0.40 0.13 6.2 0.373 NS
Residuals 9 0.19 0.02 0.097
(B) Soil community structure
Substrate identity 3 0.14 0.05 1.9 0.31 NS
Fertilization treatment 3 0.05 0.0.2 0.7 0.29 NS
Sampling date 1 0.18 0.18 7.2 0.002 0.187
Substrate identity × Fertilization treatment 9 0.17 0.02 0.8 0.59 NS
Fertilization treatment × Sampling date 3 0.10 0.03 1.4 0.032 0.107
Substrate identity × Sampling date 3 0.09 0.03 1.2 0.33 NS
Residuals 9 0.22 0.02 0.235
Permutational multivariate ANOVAs were performed to examine the relative influence of litter material, fertilization treatment, and time, as well as interactions between the
three explanatory variables in accounting for the variation in microbial community composition over the course of the incubation experiment.
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FIGURE 5 | Microbial community structure in the soil: (A) NMDS ordination of microbial community composition by substrate, (B) fungi:bacteria ratio
across all substrate types (except cellulose) as a function of the different treatments at d36 and d74. See Figure 4 for further details.
that P is a more critical element for the fast-growing bacterial
community compared to the relatively slower growing fungal
community (Güsewell and Gessner, 2009). Thus, although the
PLFA results should be interpreted with caution because of
lack of replication, they suggest that any change in the relative
availability of N and P can substantially alter the fungi:bacteria
ratio, with bacteria dominating at low N: P ratios as it has
been observed previously (Krashevska et al., 2010; Fanin et al.,
2013).
Furthermore, the diﬀerence in the eﬀect size between litter
mass loss and litter SIR after simultaneous N and P additions
indicate that the addition of a labile C source during SIR
measurement may have also masked a potentially non-negligible
C co-limitation on litter decomposition. For instance, the
NP eﬀect on litter mass loss was the strongest for cellulose
(relatively accessible C substrate), intermediate for G. glabra
or S. amara (both litter species relatively rich in DOC),
and null for V. tomentosa (DOC-poor litter) (Figure 1).
These results highlight that C availability may modulate
the NP responses during litter decomposition, conﬁrming
that litter C leachates provide the microorganisms with the
required energy to eﬃciently use available nutrients (Cleveland
et al., 2006; Fanin et al., 2012). Accordingly, the community
structure of microbial decomposers was more dependent on
substrate identity than on fertilization treatments (Table 3).
Cellulose decomposition appears to be mainly driven by fungi,
while the leachate C-rich G. glabra leaf litter supported the
highest proportion of bacteria relative to fungi of all the
substrates. Such a C control on microbial community was
even stronger in the soil, where substrate identity explained
almost three times as much variation in soil SIR (59.4%)
than did the fertilization treatments (21.5%) (Table 2). The
fact that the nature of substrate leachates reaching the soil
has a greater impact on soil microbial communities than
nutrient fertilization is a rather surprising result (Figure 5).
However, in line with our ﬁnding, Heuck et al. (2015) recently
demonstrated that even in P-poor soils, the microbial biomass
was primarily limited by C availability, suggesting that P is
only secondarily limiting. Collectively, these results suggest that
soil microorganisms are strongly limited by easily accessible
C compounds originating from fresh litter material rather
than by nutrients. C rather than nutrient limitation can in
part be a consequence of the better balanced soil C: N:
P stoichiometry compared to leaf litter with much wider
C: N: P (Fanin et al., 2014; Mooshammer et al., 2014b).
Perhaps even more important is the permanent high energy
requirement of microorganisms in tropical soils with constantly
high temperatures compared to soils at higher latitudes, which
may reinforce C limitation in tropical rainforests (Hättenschwiler
et al., 2011).
In summary, our study provides clear evidence that shifts in
the relative availability of N and P through time regulate the
structure and activity of the microbial decomposer community.
Collectively, our data suggest that litter mass loss, microbial
respiration and microbial community structure can vary
temporally along with shifts in the relative availability of
nutrients. These changes are rapid and reversible in response to
changing nutrient availability. In fact, when both N and P are
in excess in the environment, the order in the relative N and
P availability did not determine ﬁnal microbial process rates.
The impact of successive N and P additions depended on the
identity of decomposing litter material and their nutrient and
C status of the soluble fraction, suggesting intimate interactions
between exogenous nutrient availability and substrate-speciﬁc C
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and nutrient leachates. Hence, the interactive eﬀects of exogenous
N and P availability depend in addition on litter-derived labile C
with an even stronger impact on microbial communities in the
soil compared to those in the litter layer. The consequences of
N and P pulses on microbial communities and their activities
in nutrient-poor tropical forests therefore depend to a large
extent on litter-speciﬁc C quality, and thus, on tree species
composition.
AUTHOR CONTRIBUTIONS
NiF formulated the idea, NiF and NaF established the
analytical methods, conceived and designed the experiment,
PS and NiF performed the analyses and collected the data,
NiF and NaF analyzed data, NiF, NaF, and SH wrote the
manuscript.
ACKNOWLEDGMENTS
We thank Bruno Buatois and Raphaëlle Leclerc (UMR CEFE) for
their help with laboratory analyses. This work has beneﬁted from
an ‘Investissement d’Avenir’ grant from the Agence Nationale de
la Recherche (CEBA, ref ANR-10-LABX-25-01). This research
was funded through a CNRS ‘PIR Amazonie II’ grant to SH
and a CNRS-EC2CO grant to NaF. We also thank the Anthony
Yannarell and Bruce A. Hungate for important suggestions to the
manuscript.
SUPPLEMENTARY MATERIAL




Allison, S., and Vitousek, P. (2005). Responses of extracellular enzymes to
simple and complex nutrient inputs. Soil Biol. Biochem. 37, 937–944. doi:
10.1016/j.soilbio.2004.09.014
Bååth, E. (2003). The use of neutral lipid fatty acids to indicate physiological
conditions of soil fungi. Microb. Ecol. 45, 373–383. doi: 10.1007/s00248-003-
2002-y
Barantal, S., Schimann, H., Fromin, N., and Hättenschwiler, S. (2012). Nutrient and
carbon limitation on decomposition in an Amazonian moist forest. Ecosystems
15, 1039–1052. doi: 10.1007/s10021-012-9564-9
Cleveland, C. C., and Liptzin, D. (2007). C: N: P stoichiometry in soil: is there a
“Redﬁeld ratio” for the microbial biomass? Biogeochemistry 85, 235–252. doi:
10.1007/s10533-007-9132-0
Cleveland, C. C., Reed, S. C., and Townsend, A. R. (2006). Nutrient regulation of
organic matter decomposition in a tropical rain forest. Ecology 87, 492–503. doi:
10.1890/05-0525
Cleveland, C. C., and Townsend, A. R. (2006). Nutrient additions to a tropical
rain forest drive substantial soil carbon dioxide losses to the atmosphere.
Proc. Natl. Acad. Sci. U.S.A. 103, 10316–10321. doi: 10.1073/pnas.06009
89103
Davidson, E. A., and Howarth, R. W. (2007). Environmental science: nutrients in
synergy. Nature 449, 1000–1001. doi: 10.1038/4491000a
Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole,
W. S., Hillebrand, H., et al. (2007). Global analysis of nitrogen and
phosphorus limitation of primary producers in freshwater, marine and
terrestrial ecosystems. Ecol. Lett. 10, 1135–1142. doi: 10.1111/j.1461-0248.2007.
01113.x
Fanin, N., Barantal, S., Fromin, N., Schimann, H., Schevin, P., and
Hättenschwiler, S. (2012). Distinct microbial limitations in litter and underlying
soil revealed by carbon and nutrient fertilization in a tropical rainforest. PLoS
ONE 7:e49990. doi: 10.1371/journal.pone.0049990
Fanin, N., Fromin, N., Buatois, B., and Hättenschwiler, S. (2013). An experimental
test of the hypothesis of non-homeostatic consumer stoichiometry in
a plant litter-microbe system. Ecol. Lett. 16, 764–772. doi: 10.1111/ele.
12108
Fanin, N., Hättenschwiler, S., Barantal, S., Schimann, H., and Fromin, N.
(2011). Does variability in litter quality determine soil microbial respiration
in an Amazonian rainforest? Soil Biol. Biochem. 43, 1014–1022. doi:
10.1016/j.soilbio.2011.01.018
Fanin, N., Hättenschwiler, S., and Fromin, N. (2014). Litter ﬁngerprint onmicrobial
biomass, activity, and community structure in the underlying soil. Plant Soil
379, 79–91. doi: 10.1007/s11104-014-2051-7
Fanin, N., Hättenschwiler, S., Schimann, H., and Fromin, N. (2015). Interactive
eﬀects of C, N and P fertilization on soil microbial community structure
and function in an Amazonian rain forest. Funct. Ecol. 29, 140–150. doi:
10.1111/1365-2435.12329
Frostegård, A., and Bååth, E. (1996). The use of phospholipid fatty acid analysis to
estimate bacterial and fungal biomass in soil. Biol. Fertil. Soils 22, 59–65. doi:
10.1007/BF00384433
Galloway, J., Levy, H., and Kashibhatla, P. (1994). Year 2020 – Consequences
of population-growth and development on deposition of oxidized nitrogen.
AMBIO 23, 120–123.
Güsewell, S., and Gessner, M. O. (2009). N: p ratios inﬂuence litter decomposition
and colonization by fungi and bacteria in microcosms. Funct. Ecol. 23, 211–219.
doi: 10.1111/j.1365-2435.2008.01478.x
Hartman, W. H., and Richardson, C. J. (2013). Diﬀerential nutrient limitation
of soil microbial biomass and metabolic quotients (qCO2): is there
a biological stoichiometry of soil microbes? PLoS ONE 8:e57127. doi:
10.1371/journal.pone.0057127
Hättenschwiler, S., Aeschlimann, B., Couteaux, M. M., Roy, J., and Bonal, D.
(2008). High variation in foliage and leaf litter chemistry among 45 tree
species of a neotropical rainforest community. New Phytol. 179, 165–175. doi:
10.1111/j.1469-8137.2008.02438.x
Hättenschwiler, S., Coq, S., Barantal, S., and Handa, I. T. (2011). Leaf traits and
decomposition in tropical rainforests: revisiting some commonly held views
and towards a new hypothesis. New Phytol. 189, 950–965. doi: 10.1111/j.1469-
8137.2010.03483.x
Heuck, C., Weig, A., and Spohn, M. (2015). Soil microbial biomass C: N: P
stoichiometry and microbial use of organic phosphorus. Soil Biol. Biochem. 85,
119–129. doi: 10.1016/j.soilbio.2015.02.029
Hobbie, S. E., and Vitousek, P. M. (2000). Nutrient limitation of decomposition in
Hawaiian forests. Ecology 81, 1867–1877. doi: 10.2307/177277
Kaiser, C., Franklin, O., Dieckmann, U., and Richter, A. (2014). Microbial
community dynamics alleviate stoichiometric constraints during litter decay.
Ecol. Lett. 17, 680–690. doi: 10.1111/ele.12269
Kaspari, M., Garcia, M. N., Harms, K. E., Santana, M., Wright, S. J., and Yavitt, J. B.
(2008). Multiple nutrients limit litterfall and decomposition in a tropical forest.
Ecol. Lett. 11, 35–43. doi: 10.1111/j.1461-0248.2007.01124.x
Keiblinger, K. M., Hall, E. K., Wanek, W., Szukics, U., Hammerle, I.,
Ellersdorfer, G., et al. (2010). The eﬀect of resource quantity and resource
stoichiometry on microbial carbon-use-eﬃciency. FEMS Microbiol. Ecol. 73,
430–440. doi: 10.1111/j.1574-6941.2010.00912.x
Koranda, M., Kaiser, C., Fuchslueger, L., Kitzler, B., Sessitsch, A., Zechmeister-
Boltenstern, S., et al. (2014). Fungal and bacterial utilization of organic
substrates depends on substrate complexity and N availability. FEMSMicrobiol.
Ecol. 87, 142–152. doi: 10.1111/1574-6941.12214
Krashevska, V., Maraun, M., Ruess, L., and Scheu, S. (2010). Carbon and nutrient
limitation of soil microorganisms and microbial grazers in a tropical montane
rain forest. Oïkos 119, 1020–1028. doi: 10.1111/j.1600-0706.2009.18169.x
Frontiers in Microbiology | www.frontiersin.org 12 January 2016 | Volume 6 | Article 1507
Fanin et al. Temporal Variability of Nutrient Availability
Manzoni, S., Taylor, P., Richter, A., Porporato, A., and Ågren, G. I. (2012).
Environmental and stoichiometric controls on microbial carbon-use eﬃciency
in soils. New Phytol. 196, 79–91. doi: 10.1111/j.1469-8137.2012.04225.x
McGill, W., and Cole, C. (1981). Comparative aspects of cycling of organic C, N, S,
and P through soil organic matter. Geoderma 26, 267–286. doi: 10.1016/0016-
7061(81)90024-0
McGroddy, M. E., Daufresne, T., and Hedin, L. O. (2004). Scaling of C: N: P
stoichiometry in forests worldwide: implications of terrestrial redﬁeld-type
ratios. Ecology 85, 2390–2401. doi: 10.1890/03-0351
Mooshammer, M., Wanek, W., Hämmerle, I., Fuchslueger, L., Hofhansl, F.,
Knoltsch, A., et al. (2014a). Adjustment of microbial nitrogen use eﬃciency
to carbon: nitrogen imbalances regulates soil nitrogen cycling. Nat. Commun.
5:3694. doi: 10.1038/ncomms4694
Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S., and Richter, A.
(2014b). Stoichiometric imbalances between terrestrial decomposer
communities and their resources: mechanisms and implications of
microbial adaptations to their resources. Front. Microbiol. 5:22. doi:
10.3389/fmicb.2014.00022
Mooshammer, M., Wanek, W., Schnecker, J., Wild, B., Leitner, S., Hofhansl, F.,
et al. (2012). Stoichiometric controls of nitrogen and phosphorus cycling in
decomposing beech leaf litter. Ecology 93, 770–782. doi: 10.2307/23213726
Nannipieri, P., Ascher, J., Ceccherini, M. T., Landi, L., Pietramellara, G., and
Renella, G. (2003). Microbial diversity and soil functions. Eur. J. Soil Sci. 54,
655–670. doi: 10.1046/j.1351-0754.2003.0556.x
Nottingham, A. T., Turner, B. L., Chamberlain, P. M., Stott, A. W., and
Tanner, E. V. J. (2012). Priming and microbial nutrient limitation in lowland
tropical forest soils of contrasting fertility. Biogeochemistry 111, 219–237. doi:
10.1007/s10533-011-9637-4
Nottingham, A. T., Turner, B. L., Stott, A. W., and Tanner, E. V. J. (2015). Nitrogen
and phosphorus constrain labile and stable carbon turnover in lowland tropical
forest soils. Soil Biol. Biochem. 80, 26–33. doi: 10.1016/j.soilbio.2014.09.012
Okin, G., Mahowald, N., Chadwick, O., and Artaxo, P. (2004). Impact of desert
dust on the biogeochemistry of phosphorus in terrestrial ecosystems. Global
Biogeochem. Cycles 18:81. doi: 10.1029/2003GB002145
Reed, S. C., Vitousek, P. M., and Cleveland, C. C. (2011). Are patterns in
nutrient limitation belowground consistent with those aboveground: results
from a 4 million year chronosequence. Biogeochemistry 106, 323–336. doi:
10.1007/s10533-010-9522-6
Roy, J., Hättenschwiler, S., and Domenach, A. M. (2005). “Tree diversity and soil
biology: a new research program in French Guyana,” in Tree Species Eﬀects
on Soils: Implications for Global Change, eds D. Binkley and O. Menyailo
(Dordrecht: Kluwer Academic), 337–348.
Sinsabaugh, R. L., Shah, J. J. F., Findlay, S. G., Kuehn, K. A., and Moorhead,
D. L. (2015). Scaling microbial biomass, metabolism and resource supply.
Biogeochemistry 122, 175–190. doi: 10.1007/s10533-014-0058-z
Sterner, R., and Elser, J. (2002). Ecological Stoichiometry: The Biology of Elements
from Molecules to the Biosphere. Princeton, NJ: Princeton University Press.
Strickland, M. S., and Rousk, J. (2010). Considering fungal: bacterial dominance
in soils: methods, controls and ecosystem implications. Soil Biol. Biochem. 42,
1385–1395. doi: 10.1016/j.soilbio.2010.05.007
Sundqvist, M. K., Liu, Z. F., Giesler, R., and Wardle, D. A. (2014). Plant and
microbial responses to nitrogen and phosphorus addition across an elevational
gradient in subarctic tundra. Ecology 95, 1819–1835. doi: 10.1890/13-
0869.1
Townsend, A. R., Cleveland, C. C., Houlton, B. Z., Alden, C. B., andWhite, J. W. C.
(2011). Multi-element regulation of the tropical forest carbon cycle. Front. Ecol.
Environ. 9, 9–17. doi: 10.1890/100047
Turner, B. L., Yavitt, J. B., Harms, K. E., Garcia, M. N., and Wright, S. J. (2015).
Seasonal changes in soil organic matter after a decade of nutrient addition in
a lowland tropical forest. Biogeochemistry 123, 221–235. doi: 10.1007/s10533-
014-0064-1
Vitousek, P. M., and Howarth, R. (1991). Nitrogen limitation on land and in
the sea – How can it occur? Biogeochemistry 13, 87–115. doi: 10.1007/BF000
02772
Vitousek, P. M., Porder, S., Houlton, B. Z., and Chadwick, O. A. (2010). Terrestrial
phosphorus limitation: mechanisms, implications, and nitrogen-phosphorus
interactions. Ecol. Appl. 20, 5–15. doi: 10.1890/08-0127.1
Walker, T. M., and Syers, J. K. (1976). The fate of phosphorus during pedogenesis.
Geoderma 15, 1–19. doi: 10.1016/0016-7061(76)90066-5
Wood, T., Lawrence, D., and Clark, D. (2005). Variation in leaf litter nutrients of a
Costa Rican rain forest is related to precipitation. Biogeochemistry 73, 417–437.
doi: 10.1007/s10533-004-0563-6
Yuan, Z. Y., and Chen, H. Y. H. (2009). Global trends in senesced-leaf nitrogen
and phosphorus. Global Ecol. Biogeogr. 18, 532–542. doi: 10.1111/j.1466-
8238.2009.00474.x
Zelles, L. (1999). Fatty acid patterns of phospholipids and lipopolysaccharides in
the characterisation of microbial communities in soil: a review. Biol. Fertil. Soils
29, 111–129. doi: 10.1007/s003740050533
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2016 Fanin, Hättenschwiler, Chavez Soria and Fromin. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Microbiology | www.frontiersin.org 13 January 2016 | Volume 6 | Article 1507
